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Abstract. Although ephemeral rivers act as linear oases and play a fundamental role in sustaining regio-
nal biodiversity in dryland regions, little is known about these systems or their sensitivity to human
impacts. Without such knowledge, it is difﬁcult to manage or conserve them. Here, we conduct the ﬁrst
systematic investigation into the determinants of riparian tree distributions along a large ephemeral river.
Adopting a macroecological approach, we test four hypotheses relating to the effects of topography, river
ﬂow, climate, and land tenure on three indices of tree distribution: species richness, occupancy, and recruit-
ment. We also consider the effect of upstream damming. Our study site is the Swakop River in Namibia.
The most common trees along the river were the invasive Prosopis spp., followed by native Faidherbia albida,
Vachellia erioloba, Euclea pseudebenus, and Vachellia tortilis. We found a gradient in tree distributions along
the river, with a drier climate westward associated with lower native tree species richness and increased
scarcity of the dominant native species (F. albida). These patterns were seen in both pre- and post-dam sam-
ples. We also found F. albida was more likely to recruit immediately downstream of tributaries. Our results
suggest that water availability (climate and river ﬂow) is a more important determination of tree distribu-
tion along this ephemeral river than topography or land tenure and that ephemeral rivers may show a
nodal organization.
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INTRODUCTION
In drylands, ephemeral rivers act as linear
oases and play an important role in supporting
regional biodiversity (Jacobson et al. 1995). A
wide variety of animals, such as insects, birds,
reptiles, and mammals, use the river as habitat
and/or as dispersal corridors (Steward et al.
2012, Jacobson and Jacobson 2013, Williams et al.
2014). The woody vegetation along ephemeral
rivers also provides important services for
people such as food, fodder, shelter, construction
materials, and medicine (Jacobson et al. 1995).
Ephemeral rivers are a type of intermittent river
that are usually dry, only ﬂowing for all or part
of their length during and after precipitation
(Tooth and Nanson 2011). Intermittent rivers
comprise over half the length of the global river
network, and an improved understanding of
their ecology has been highlighted as a priority
for scientists, policy makers, and managers
(Datry et al. 2014). Ephemeral rivers can also be
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detrimentally affected by human activities,
which impact the vegetation and its associated
beneﬁts (Steward et al. 2012). Unfortunately, the
natural determinants of tree occurrence in
ephemeral rivers and their sensitivity to anthro-
pogenic impacts are poorly understood.
Although information is available on the drivers
of vegetation distributions in smaller ephemeral
rivers (catchment area <100 km2), such rivers are
signiﬁcantly different to larger ephemeral rivers
that have sufﬁcient groundwater and sediment
accumulation to allow for the growth of obligate
riparian trees and shrubs (Shaw and Cooper
2008). The purpose of this study is to explore the
determinants of tree species distributions along a
large ephemeral river (>30,000 km2).
Several factors are expected to play a role in
the occurrence of trees in dryland ephemeral
river systems. The most important of these tends
to be water availability (Jacobson et al. 2000,
Ren€of€alt and Nilsson 2007). In ephemeral rivers
with large catchments, water availability is pri-
marily driven by ﬂow events generated by cli-
matic patterns in the upper watershed (Shaw
and Cooper 2008). Flows decrease in discharge
downstream, primarily because of inﬁltration
but with further losses arising from evaporation
and transpiration (Reid and Frostick 2011). The
ﬂows recharge the riparian ecosystem’s ground-
water reserves (Dahan et al. 2008). To a certain
extent, the river’s groundwater buffers trees from
the local climate (Friedman and Lee 2002). How-
ever, local climate still has an inﬂuence through
solar radiation and the associated potential evap-
otranspiration demand placed on vegetation
(Niklas 1992). In addition, drier climates natu-
rally have elevated salt concentrations in the soil
and groundwater due to reduced runoff and
increased evaporation leading to dominantly
upward ﬂuxes of water and the accumulation of
salts at and near the surface (Raheja 1966). As
salinity reduces the ability of plants to take up
water, it causes a similar response to water stress
(Munns 2002). Therefore, local climate may not
only inﬂuence tree distributions directly but also
indirectly through increases in groundwater/soil
salinity: As a result, the relative roles of climate
and salinity on tree distributions can be difﬁcult
to differentiate.
Not only do ﬂows recharge groundwater, they
also provide a variety of beneﬁts to the
ecosystem: Flows scour the river channel and
distribute and deposit nutrients, sediment,
woody debris, and propagules (Jacobson et al.
1995). However, ﬂows are not always beneﬁcial
as they can cause mortality by washing individ-
ual trees away or by depleting oxygen in the root
zone (Friedman and Auble 1999, Friedman and
Lee 2002). There is, therefore, a local trade-off
between the beneﬁts and disadvantages of river
ﬂow. As a result, trees are limited to locations
where perennial groundwater is available and
there is protection from erosive ﬂows (Shaw and
Cooper 2008). Occurrence can be especially lim-
ited in narrow reaches of rivers, where the ﬂow
occupies a greater proportion of the riverbed’s
width and often travels with higher velocity;
broader river reaches provide more space that is
safe for establishment and growth (Seely et al.
1981, Jacobson and Jacobson 2013). Tree occur-
rence is therefore inﬂuenced by a combination of
spatial patterns of water availability and ﬂow
disturbance (Jacobson and Jacobson 2013). As
species often exhibit differences in their toler-
ances and preferences regarding both water
availability and frequency of disturbance, zona-
tion typically occurs with those species requiring,
or tolerating, frequent inundation located closer
to the river channel (Seely et al. 1981, O’Connor
2001).
Along ephemeral rivers and their tributaries,
ﬂow is typically localized due to variable and
patchy rain events and high transmission losses
(Tooth and Nanson 2011). The fact that tribu-
taries can ﬂow independently of the main river
channel means that they may have a pronounced
localized effect on the occurrence of woody spe-
cies downstream of their conﬂuence. Surpris-
ingly, there do not appear to have been any
previous studies on the importance of tributaries
on tree species richness and occupancy in any
river system, but such patterns have been
explored in a riparian animal. Speciﬁcally, along
the main stem of perennial rivers, the richness
and abundance of ﬁsh species has been found to
peak below tributaries due to the additional
nutrients, organic matter, and increased habitat
heterogeneity in these areas (Fernandes et al.
2004, Kiffney et al. 2006).
People can also inﬂuence tree occurrence. For
example, dams built along perennial rivers alter
species composition and cover downstream
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(Johnson 1994, Stromberg et al. 2007). However,
the impacts of dams on tree distributions along
ephemeral rivers are unknown. Two other
anthropogenic activities likely to impact tree
occurrence are livestock browsing and water
abstraction. In the case of livestock, positive
effects can be experienced for some species at
lower livestock densities (e.g., through scariﬁca-
tion of seeds in the gut facilitating germination),
but negative effects are experienced for most at
higher densities (e.g., through consumption of
saplings; Skarpe 1991, Oba 1998). However,
while saplings are particularly vulnerable to
intense browsing, there is little evidence to sug-
gest that browsing seriously damages mature
individuals (Bergstr€om 1992). In the case of
water abstraction, recruitment and survival can
be affected as both young and mature riparian
plants are sensitive to sudden drops in ground-
water (Scott et al. 1999, Shafroth et al. 2000).
Finally, people can inﬂuence tree occurrence sim-
ply by planting or removing trees.
In this study, we explore the potential determi-
nants of riparian tree species occurrence along a
large ephemeral river, the Swakop River, in
Namibia. The riparian trees play an important
role in supporting wildlife and livestock popula-
tions as well as acting as a source of fuel and con-
struction material (Curtis and Mannheimer 2005,
Moser 2006, Williams et al. 2014). Like other
large ephemeral rivers, only very sparse data are
available for the Swakop on the frequency and
volume of river ﬂow, groundwater depth and
groundwater salinity, and how these have varied
along the river over the lifetimes of the riparian
trees of interest. Consequently, we focus on alter-
native landscape-level variables that should
nevertheless reﬂect the inﬂuence of these param-
eters. Speciﬁcally, we test the following four
hypotheses: ﬁrst, that there will be more trees in
wider parts of the river where there are more
suitable locations for trees to grow (topography,
hypothesis 1, H1); second, that there will be more
trees immediately downstream of tributary con-
ﬂuences due to the associated beneﬁts of addi-
tional water, scouring, and/or nutrient and
sediment distribution and deposition (tributary,
H2); third, that there will be fewer trees in drier
areas where water availability is diminished
(local climate, H3); and fourth, that different
land tenures will inﬂuence tree distributions,
speciﬁcally that more trees will occur in pro-
tected areas than in communal farmland due to
the higher densities of livestock and people in
the latter, while private farmlands will exhibit a
pattern between the two (land tenure, H4). We
also consider, in two ways, the potential impacts
of two upstream dams on the tree distributions
of the Swakop River: ﬁrst, by re-testing the above
hypotheses in a reconstructed sample of trees (in-
corporating dead individuals) approximating the
original tree populations prior to damming, and
second, by quantifying the impact of the dam on
river ﬂows using simulation modeling.
METHODS
Study area
The Swakop River is one of Namibia’s twelve
major westerly-ﬂowing ephemeral rivers: These
rivers consist of dry sandy riverbeds for the
majority of the year and typically only ﬂow after
precipitation events. The duration of ﬂows typi-
cally last from a few days to several weeks,
although after exceptional rainfall these rivers
can ﬂow for a few months (Jacobson et al. 1995).
Despite being without ﬂow for much of the year,
groundwater is continually contained within
their alluvium.
The Swakop catchment is located in the central
region of the country with its headwaters in the
Khomas Hochland Plateau. The river ﬂows west
through the Central-Western Plains to where it
meets the Atlantic Ocean near the coastal town
of Swakopmund. It is 460 km in length with a
catchment area of 30,100 km2 (Jacobson et al.
1995). The annual mean temperature of the
catchment is 18–22°C, but with large ﬂuctuations
at the daily, seasonal, and annual scales (Mendel-
sohn et al. 2009). Precipitation mainly falls in the
wet austral summer (October–March) and ranges
from 0 mm/yr in the west to 475 mm/yr in the
east of the catchment; however, 80% of the catch-
ment experiences <100 mm of rainfall per year
(Jacobson et al. 1995). The longitudinal proﬁle of
the river is associated with two environmental
gradients: a near-linear decline in precipitation
and increase in groundwater salinity from the
east of the catchment westward to the coast
(Gevers and Westhuyzen 1937, Jacobson et al.
1995, Bittner et al. 2010). Although there is very
high inter-annual variability in rainfall (the
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coefﬁcient of variation increases from 35% in the
east to 100% in the west of the catchment), long-
term annual rainfall has remained stable over the
last 100 yr (Ward et al. 2000, Mendelsohn et al.
2009).
The riparian tree community of the Swakop
River is largely composed of the native ana tree
Faidherbia albida (Delile) A. Chev., camel thorn
Vachellia erioloba (E. Mey.) P. J. H. Hurter,
umbrella thorn Vachellia tortilis (Forssk.) Galasso
& Banﬁ, ebony tree Euclea pseudebenus E. Mey.,
and the invasive mesquite Prosopis species L.
(Jacobson et al. 1995). Mustard bush Salvadora
persica L. and wild tamarisk Tamarix usneoides E.
Mey. are also common but, along this river, both
species tend to have a shrub-like growth form
and thus were not included in this study. Prosopis
was ﬁrst introduced to Namibia around 1912;
since then, there has been widespread hybridiza-
tion between species, particularly between Proso-
pis glandulosa Torr., Prosopis chilensis Stuntz, and
Prosopis velutina Wooton (Smit 2004). As the
hybridization makes species identiﬁcation difﬁ-
cult, this study does not attempt to differentiate
between Prosopis species.
The Swakop River has two upstream dams:
The ﬁrst to be built was the Sartorius Von Bach
Dam, 360 km upstream from the river’s mouth,
in 1970 (48 Mm3 capacity; 5 km2 surface area;
22.02 S, 16.95 E). It was followed by the Swakop-
poort Dam in 1978 (63 Mm3 capacity; 8 km2 sur-
face area; 22.21 S, 16.53 E), 70 km downstream
from the Von Bach Dam. As the Swakoppoort
Dam has no sluice gates, the river below this
dam is cut off from the ﬂows occurring
upstream, except during exceptional ﬂow condi-
tions when the dam overtops. The dams capture
approximately 43% of the catchment’s rainfall
(Douglas 2014). These dams have reduced the
frequency and magnitude of ﬂow events down-
stream (CSIR 1997, Ward et al. 2000, Jacobson
and Jacobson 2013). The reduction in ﬂow has in
turn caused groundwater declines downstream
of the dams (Marx 2009).
Three land tenures occur along the Swakop
River: private, communal, and park lands. The
dominant land tenure is private land, usually
consisting of a homestead with surrounding
land. Typical livelihood activities on private land
include livestock and game farming, tourism,
trophy hunting, and/or small-scale crop
production. The communal land is Otjimbingwe,
a 1170-km2 reserve which straddles the Swakop
River in the center of the catchment. In 2000, as
many as 8000 people were estimated to live in
the reserve, with between 800 and 2000 people
living in Otjimbingwe town and the remainder
on the surrounding grazing land (Ward et al.
2000). Livestock farming is the dominant liveli-
hood activity in the reserve although some
small-scale crop production occurs (Ward et al.
2000). The main protected area in the catchment
is the Namib-Naukluft National Park, which was
created in its present form in 1979 and is
49,768 km2 in size, located in the southwest of
the catchment. There are strict regulations on
human activity within the national park.
River surveys
Our 24 survey sites were located between
22°26 S 16°43 E (17 km downriver of the
Swakoppoort Dam) and 22°64 S 14°75 E (25 km
upstream of the river’s mouth), covering more
than 250 km of the river’s total 460 km length
(Douglas 2014). The 24 sites were distributed
across the three categories of land tenure as fol-
lows: 42% of sites on private land, 21% on com-
munal land, and 37% on park land. The
distribution of sampling effort is roughly propor-
tional to the coverage of the land tenures: The
land tenures represent the following coverage of
the river’s borders within the study’s extent: 55%
private, 15% communal, and 30% park (Fig. 1).
The surveys were conducted between 2
August and 24 October 2010 and were performed
in a non-sequential order to minimize any tem-
poral bias along the climate gradient associated
with the river’s long proﬁle. At each site, multiple
20 m wide transects were placed, oriented per-
pendicular to the river course; the transects were
of variable length as determined by the width of
the riverbed at that point. Each site was centered
on a borehole; two transects were placed adjacent
to each other with their shared boundary run-
ning directly through the center of the borehole.
Additional transects were also placed 250 m up-
and downriver of the central transects, for a total
of four transects (except at one site with multiple
boreholes, where only transects over the bore-
holes were placed; for a total of six transects).
This design was selected due to the patchy nat-
ure of the riparian vegetation and to balance the
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need for the transects to be close enough to still
be considered the same “site” but distant enough
to capture any local heterogeneity in the river.
Each transect was divided into a series of consec-
utive 20 9 20 m quadrats.
During the survey, data were collected at three
spatial scales: quadrat, transect, and site. For
each tree within each quadrat, data were col-
lected on the species, diameter of trunk above
the buttress swelling, and percentage canopy die-
back. A diameter tape was used to measure tree
diameter, but if the trunk was inaccessible due to
impenetrable vegetation, it was estimated with a
ruler (10% of cases) or visually (24% of cases).
The diameter measurement was used to calculate
the basal area of each tree. Trees were assessed as
living except in the case of 100% canopy dieback,
in which case the trees were recorded as dead.
Both standing and fallen dead trees were
recorded.
Indices of tree distribution, predictors of those
indices, and samples for analysis
We use three indices to quantify tree distribu-
tions: species richness, occupancy, and recruitment.
Trees larger than 5 cm diameter above the
buttress swelling were used for the species rich-
ness and occupancy analyses, while trees with a
diameter <5 cm were used for the recruitment
analysis. The 5 cm threshold was selected
because we wanted to consider only established
trees for richness and occupancy. Smaller trees
may root in a location even though it may not be
suitable for their long-term growth and survival.
All three indices were quantiﬁed at the transect
scale. Analyses were not possible at the quadrat
scale due to the patchy distribution of trees,
which resulted in large numbers of quadrats
without trees. Further details about how these
indices were employed during hypothesis testing
are given below.
Each of the three indices was explored in rela-
tion to four ﬁxed effects (i.e., predictors) repre-
senting the four hypotheses under test. These
indices were measured at either the transect
(n = 98) or site (n = 24) scale. At the transect
scale, we quantiﬁed one ﬁxed effect: river width
(measured as the length of the transect, which
was calculated in quadrat lengths, i.e., rounded
to the nearest 20 m). At the site scale, we quanti-
ﬁed three ﬁxed effects: (1) dryness, the ratio of
local potential evapotranspiration to local
Fig. 1. Inset: (left to right) Namibia in Africa, and the Swakop River catchment in Namibia. Main: simpliﬁed map
of the river catchment showing the distribution of land tenures and sampling regions. For illustrative purposes, the
river below the Swakoppoort Dam has been divided into ﬁve sampling areas (from east to west): zone A (private
land with one sampling site), zone B (communal land with ﬁve sampling sites), zone C (private land with three
sampling sites), zone D (park lands with nine sampling sites), and zone E (private lands with six sampling sites).
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precipitation, representing the near-linear decline
of precipitation which coincides with the longitu-
dinal proﬁle of the river (Pearson’s R correlation
0.9 between longitudinal position along the river
and dryness; Appendix S1; see Appendix S2 for
further details on how the metric is calculated);
(2) land tenure, a categorical variable with three
levels: private (n = 9 sites), communal (n = 5
sites), and park (n = 8 sites); and (3) tributary, a
binomial variable (tributary [1], no tributary [0];
n = 12 sites in each case), where the presence of
tributaries was based on modeled runoff from
≥third Strahler stream-order tributaries located
within 5 km upstream of each sampling site (see
Appendix S2 for further details). To compare dif-
ferences in effect size between variables in the
same model, all continuous ﬁxed effects were
standardized to have a mean of zero and a stan-
dard deviation of one. All possible combina-
tions of these ﬁxed effects were tested as
separate models (see Hypothesis testing and statis-
tical analysis).
Our primary analysis focused on the contem-
porary determinants of species richness, occu-
pancy, and recruitment in living trees. However,
these contemporary patterns inevitably incorpo-
rate any cumulative impact of damming on this
ecosystem over the last 40 yr. It is therefore pos-
sible that the currently observed patterns may be
partially inﬂuenced by the dams. As a prelimi-
nary investigation into this possibility, we
attempted to re-construct the original patterns of
tree species prior to the dams by compiling an
extended sample of species distributions which
differed from the contemporary sample by
including trees that were dead as well as alive.
Because dead trees can be washed away by the
episodic ﬂows in undammed ephemeral rivers,
very few dead trees are normally present in such
systems (Auala et al. 2013). However, after the
cessation of natural ﬂows, dead trees accumu-
late. This is further assisted by the low rates of
woody decomposition characteristic of arid envi-
ronments (Vogel 2003). Consequently, the dead
individuals recorded in this survey should pro-
vide an approximation of those trees that have
died since dam construction. A small number
may represent trees that were already dead prior
to the dams, but by chance were not washed
away; similarly, a small number of trees may
have died since dam construction and gone
undetected in our sample (e.g., because they
were removed by people, or lost in small, local-
ized ﬂows). While it is unlikely that these two
sources of error are large, the reconstructed
extended sample should only be considered a
ﬁrst approximation of a pre-dam assessment,
because we were also unable to identify and
remove those individuals that have recruited into
the population following dam construction (i.e.,
grown to a size of >5 cm above the buttress swel-
ling), since local growth rates for each species are
unknown. Consequently, the results of the
extended sample are reported solely as a supple-
ment to the main analysis of the contemporary
(hereafter: living) sample. The extended sample
is used to analyze species richness and occu-
pancy but not recruitment, while the living sam-
ple is used to analyze all three indices.
Hypothesis testing and statistical analysis
Below we discuss each index and its analysis
in turn. A summary overview of the statistical
analyses is provided in Table 1.
Species richness.—Our analysis of species rich-
ness focuses on native tree species characteristic
of the Swakop River. Native species in this local-
ity were identiﬁed following Curtis and Man-
nheimer (2005). Introduced taxa that were either
non-native to Namibia (e.g., mesquite, Prosopis
spp.) or native to other regions of Namibia (e.g.,
wild date palm, Phoenix reclinata Jacq.) were
excluded as the presence of these species may
reﬂect sites of introduction rather than natural
distributions. Characteristic species were deﬁned
as those that occurred at more than one sampling
location (refer to Appendix S3 for the complete
species list). Under these criteria, we recorded
ﬁve native trees characteristic of the Swakop
River: F. albida, V. erioloba, E. pseudebenus, V. tor-
tilis, and Dichrostachys cinerea (L.) Wight & Arn.
We examined species richness using general lin-
ear mixed models with a Poisson error structure
and log link. We used the glmmadmb function in
the glmmADMB package (Fournier et al. 2012,
Skaug et al. 2016) implemented in Rv3.3.0 (R
Development Core Team 2016). The response
variable was the number of characteristic native
tree species in each transect. Models were
assessed for overdispersion using the functions
in Harrison (2014). No overdispersion was
detected and there was no evidence that a
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negative binomial model provided a better ﬁt
than the corresponding Poisson model (Poisson
model Akaike information criterion [AIC]: 288.6,
NB AIC: 290.77). One random effect, site, was
included to control for any non-independence
resulting from the sampling design of multiple
transects (n = 4 or 6) within each sampling site
(n = 24). We assessed the presence of collinearity
using variance inﬂation factors as detailed in
Zuur et al. (2009), and no evidence of collinearity
was found. Due to the relatively small number of
sites relative to ﬁxed effects, we limited our can-
didate models to a maximum of three ﬁxed
effects. With a total of four ﬁxed effects to test,
this generated a candidate model set of 15 mod-
els: a null model and all possible combinations
up to three ﬁxed effects. However, the ﬁnal
model could still contain all four ﬁxed effects
through the process of model averaging (see
Model selection).
Occupancy.—We conducted the occupancy
analysis for all tree species along the river, except
those that were extremely common (Prosopis
spp., n = 23 of 24 sites) or rare (P. reclinata Jacq.
n = 4 of 24 sites; Hyphaene petersiana Klotzsch ex
Mart. n = 3; Vachellia luederitzii Engl. n = 1; Euca-
lyptus spp. L’Her. n = 1; Vachellia senegal Willd.
n = 1). For these species, there was insufﬁcient
variation in their presence/absence across sites to
explore their determinants of occupancy. The
ﬁnal sample therefore comprised four trees, all of
which were natives: F. albida (n = 20 sites), V. eri-
oloba (n = 15 sites), E. pseudebenus (n = 14 sites),
and V. tortilis (n = 11 sites; Appendix S3). We
examined the presence/absence of each species in
each transect using a general linear mixed model
with a Binomial error structure and logit link.
Models were not assessed for overdispersion
because overdispersion cannot be quantiﬁed for
binary models (Harrison 2015). Binomial models
were ﬁtted with the glmer function in the R pack-
age lme4 (Bates et al. 2015). The same ﬁxed
effects, random effect, and candidate model set
were used as with the species richness analysis.
We assessed the presence of collinearity using
variance inﬂation factors as detailed in Zuur
et al. (2009) as well as inspecting the correlation
of the ﬁxed effects in lme4 ﬁts. No evidence of
collinearity was found.
Recruitment.—To explore recent patterns of tree
establishment, we examined the presence/ab-
sence of young trees (<5 cm diameter). The
absence of saplings at a site was extremely com-
mon; therefore, we conducted the recruitment
analysis for all species except those whose sap-
lings were rare (E. pseudebenus n = 5 of 24 sites;
V. tortilis n = 3; H. petersiana n = 1) or absent
altogether (P. reclinata, D. cinerea, V. luederitzii,
V. senegal, Eucalyptus spp.) The ﬁnal sample com-
prised F. albida (n = 11 sites), V. erioloba (n = 8
Table 1. Summary of analyses.
Analysis and taxa Model set
Fixed effects for each analysis
Conspeciﬁcs River width Tributary Dryness Land tenure







15 No Yes Yes Yes Yes
Occupancy (1/0)
F. albida 15 No Yes Yes Yes Yes
V. erioloba 15 No Yes Yes Yes Yes
E. pseudebenus 15 No Yes Yes Yes Yes
V. tortilis 15 No Yes Yes Yes Yes
Recruitment (1/0)
F. albida 22 Yes Yes Yes Yes Yes
V. erioloba 22 Yes Yes Yes Yes Yes
Prosopis spp. 27 Yes Yes Yes Yes Yes
Notes: The taxa included in each analysis are listed, as well as the number of models in the candidate set and the inclusion
of ﬁxed effects (yes/no). All analyses are conducted at the transect level (n = 98) over 24 sites. Fixed effects are measured at
either the transect (T) or site (S) level.
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sites), and the invasive Prosopis species (n = 19
sites). We examined the presence of young trees
using the same statistical approach as the occu-
pancy analysis. An additional ﬁxed effect was
included that controlled for the abundance of the
local parental population and therefore availabil-
ity of propagules. This ﬁfth ﬁxed effect, con-
speciﬁcs, the abundance of nearby living adult
trees (i.e., trees >5 cm diameter and <100%
canopy dieback), was calculated by dividing the
total adult basal area for each transect by the
transect area. We assessed the presence of
collinearity using the same techniques as the
occupancy analyses. Correlations of >0.7 were
detected between dryness and land tenure for
both F. albida and V. erioloba (in the case of F. al-
bida, the correlation was between dryness and
communal land, and in the case of V. erioloba, it
was between dryness and park land). As a result,
both dryness and land tenure were not included
together in the same model. The candidate model
sets therefore consisted of 26 models for Prosopis
(a null model and all possible combinations of
up to three ﬁxed effects) and 22 for F. albida and
V. erioloba.
Model selection.—This study uses an informa-
tion-theoretic approach to model selection (Burn-
ham and Anderson 2002). Speciﬁcally, it uses the
AIC to evaluate competing candidate models
(Johnson and Omland 2004). We used the R
package MuMIn (Barton 2016) to rank the mod-
els according to corrected AIC (AICc). Due to the
small sample sizes used in this study, AICc is
used instead of AIC as the former has been
shown to be more robust at small sample sizes
(Burnham and Anderson 2002). We considered
all models within D6 AIC units of the best-sup-
ported model as being competitive (Richards
2008). As AIC can select unnecessarily complex
models, we removed models that were more
complex versions of simpler models with better
AIC support (the nesting rule; Richards 2008,
Arnold 2010). If more than one model remained
in the top model set after the application of the
nesting rule, a model averaging approach was
used to calculate the parameter estimates and
standard errors of a ﬁnal composite model using
the model.avg function in the MuMIn package.
We performed full-coefﬁcient (zeroes) modeling,
where parameter estimates were set to zero in
the models in the top model set from which they
were absent, to fully propagate uncertainty in
parameter effect sizes and standard errors (Grue-
ber et al. 2011).
We used conﬁdence intervals to assess the
strength of the ﬁxed effects (du Prel et al. 2009).
Therefore, if a ﬁxed effect is included in the com-
posite model but its conﬁdence interval crosses
zero, the result is considered inconclusive.
Spatial modeling
In addition to the main statistical analyses,
simulation modeling was used to determine the
likely decline in river ﬂow as a result of the
Swakoppoort Dam. The modeling allows us to
assess the extent to which the results from the
statistical analyses align with the changes in ﬂow
that are likely since damming. The analysis was
run using the WaterWorld Policy Support System
v.2.92 (Mulligan 2013). WaterWorld is an open-
access self-parameterizing, process-based spatial
model which uses inbuilt interpolated ground-
based and remotely sensed data. It is widely
used for modeling the impacts of climate change
and management activities. Full details of the
model, including calculations and assumptions,
are provided in Mulligan (2013). Brieﬂy, precipi-
tation and temperature maps (Hijmans et al.
2005) were used to calculate annual total
water balance (rainfall + fog inputs + snowmelt
inputs  actual evapotranspiration; although
only rainfall and actual evapotranspiration are
signiﬁcant ﬂuxes in the Swakop). This water bal-
ance was calculated for 1 km resolution pixels on
the basis of mean 1950–2000 climate and 2010
land cover. Positive water balances were then
accumulated along a local drainage direction
map as runoff (full equation available in
Appendix S2).
Two simulations were run: a baseline simula-
tion (i.e., no dam) and another simulation where
the Swakoppoort Dam is present (the effect of
the Von Bach Dam is irrelevant for this purpose
as the water draining into it would in its absence
be caught by the Swakoppoort Dam). For each
sampling site, WaterWorld’s hydrological foot-
print tool was used to examine the proportion of
water that originates upstream of the dam by
dividing the runoff generated upstream of the
dam by the total runoff at that site. In order to
mask the portion of the catchment draining into
the Swakoppoort Dam, the dam’s upstream
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catchment was calculated using the Hydro-
SHEDS stream network (Lehner et al. 2008).
HydroSHEDS was also used in the local drainage
direction map and the delineation of the entire
catchment.
RESULTS
Predictors of riparian tree distributions
Species richness.—The number of native tree
species per transect ranged from 0 to 5 (me-
dian = 1). The top model set examining factors
affecting species richness contained two models:
The top model included only dryness, indicating
that there were fewer tree species in drier areas
(in support of hypothesis H3; Table 2, Fig. 2),
and the other was the null model (D 4.81;
Appendix S4: Table S1). There was no effect of
river width (H1), tributary ﬂow (H2), or land
tenure (H4). Dryness was also found to reduce
richness in the extended sample that includes
dead trees (Appendix S5: Table S1), but its effects
seem to be more marked in the contemporary
data: A one standard deviation change in dry-
ness causes a 34% greater change in species rich-
ness on the link scale for the living compared to
the extended sample.
Occupancy.—Along the Swakop River, the
invasive Prosopis spp. was the most common
tree (occurring in 87% of transects sampled),
Table 2. Final composite models for species richness, occupancy, and recruitment analyses (n = 98).




Species richness† Intercept 0.19 0.15 0.11 0.48
Dryness 0.39 0.19 0.76 0.02
Occupancy‡
Faidherbia albida Intercept 0.07 0.58 1.07 1.20
Tributary§ 0.90 1.01 1.08 2.88
Dryness 1.56 0.50 2.49 0.53
Vachellia tortilis Intercept 2.27 0.57 3.37 1.17
Dryness 1.72 0.89 3.46 0.02
Land tenure:¶ communal 0.26 0.82 1.36 1.88
Land tenure:¶ park 0.08 0.39 0.84 0.68
River width 0.04 0.18 0.32 0.40
Recruitment#
Faidherbia albida Intercept 3.75 1.48 6.62 0.84
Tributary§ 2.62 1.28 0.121 5.12
Conspeciﬁcs 0.72 0.96 1.14 2.59
Dryness 4.37 1.78 7.86 0.88
Vachellia erioloba† Intercept 3.62 1.17 5.91 1.32
River width 0.17 0.38 0.58 0.92
Dryness 0.86 0.98 2.78 1.07
Tributary§ 0.67 0.99 1.27 2.61
Conspeciﬁcs 0.17 0.33 0.47 0.82
Land tenure:¶ communal 0.91 1.52 2.08 3.90
Land tenure:¶ park 0.92 1.46 1.95 3.79
Prosopis Intercept 0.28 0.46 1.35 0.65
Land tenure:¶ communal 1.95 0.91 0.28 4.16
Land tenure:¶ park 0.99 0.70 2.56 0.43
Notes: Conclusive effects are highlighted in bold; inconclusive effects (where the conﬁdence intervals cross zero) are not
emboldened. The null model was the top-ranked model for the occupancy of both V. erioloba and E. pseudebenus. Refer to
Appendix S4: Tables S1–S8 for rankings and further details of individual models. All continuous ﬁxed effects were standardized
(mean of zero, standard deviation of one).
† The null model also received support.
‡ Faidherbia albida and V. tortilis are composite models averaged from two and three models, respectively.
§ Reference category for tributary is no tributary.
¶ Reference category for land tenure is private.
# Faidherbia albida and V. erioloba are composite models averaged from three and ﬁve models, respectively.
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followed by Faidherbia albida (56%), Vachellia eri-
oloba (40%), Euclea pseudebenus (28%), and
Vachellia tortilis (19%). In the extended sample,
the order of species was the same, but all
species were present in more transects
(Appendix S5). This indicates that for all spe-
cies, there were now transects which contained
only dead individuals. Comparing occupancy
between the extended and living samples,
F. albida declined the most (20% of transects),
followed by V. tortilis (4%), V. erioloba and
E. pseudebenus (both 3%), and Prosopis (1%).
Following the application of the nesting rule,
the top model sets examining occupancy for
F. albida, V. tortilis, V. erioloba, and E. pseudebenus
contained two, three, one, and one model,
respectively (Appendix S4: Tables S2–S5).
In the analysis of the predictors of occupancy,
across the four species tested, the only clear
result was that F. albida was less likely to occur in
drier areas (H3; Table 2, Fig. 3). Faidherbia albida
was also more likely to occur downstream of
tributary ﬂows (H2), but this pattern was incon-
clusive. In the case of V. tortilis, there was incon-
clusive support for lower occupancy in drier
areas (H3), in wider stretches of the river (H1),
and for differences across land tenure types (H4).
There was no evidence to support any of the
hypotheses tested for V. erioloba and E. pseudebe-
nus occupancy: The null model was the top
model (D 0.00) in both cases.
In the analysis of the predictors of occupancy
in the extended sample, similar models were
obtained for all four species (Appendix S5:
Table S1). Once again, the effect of dryness
tended to be stronger in the contemporary data.
For example, a one standard deviation change in
dryness causes a 73% greater change in F. albida
occupancy on the link scale for the living sample
compared to the extended sample.
Recruitment.—Recruitment of Prosopis spp.
(presence of young trees with a diameter of
<5 cm) was recorded in 45% of all transects,
followed by F. albida and V. erioloba in 33%
and 13% of all transects, respectively. Of the
transects where adults were present, there



















Fig. 2. Native tree species richness in relation to
local climate (i.e., dryness). The dryness index is calcu-
lated by dividing potential evapotranspiration by pre-
cipitation; higher values are drier. The ﬁtted line is the
mean predicted probability from a Poisson mixed-
effects model, where the shaded area represents 95%
credible intervals. The points are the raw data. The
dryness index also relates to increased groundwater
salinity and the distance downstream along the longi-
tudinal proﬁle of the river. A ﬁgure showing the rela-
tionship between species richness and the longitudinal






















Fig. 3. Faidherbia albida occupancy in relation to local
climate (i.e., dryness). The dryness index is calculated
by dividing potential evapotranspiration by precipita-
tion; higher values are drier. The ﬁtted line is the mean
predicted probability from a logistic mixed-effects
model, where the shaded area represents 95% credible
intervals. The dryness index also relates to increased
groundwater salinity and the distance downstream
along the longitudinal proﬁle of the river.
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transects for Prosopis, F. albida, and V. erioloba,
respectively.
Following the application of the nesting rule,
the top model sets examining occupancy for F. al-
bida, V. erioloba, and Prosopis contained three, six,
and one model, respectively (Appendix S4:
Tables S6–S8).
Analysis of the predictors of recruitment for
Prosopis spp. revealed that recruitment was
highest in communal lands (compared to pri-
vate lands; H4; Table 2). In contrast, recruit-
ment for F. albida was highest immediately
downstream of tributaries (H2) and lower in
drier areas (H3) (Fig. 4). Additionally in the
case of F. albida, recruitment was more likely
in the presence of conspeciﬁcs (our control
variable), although this pattern was inconclu-
sive. In the case of V. erioloba, there was
mixed support for all the predictors (and con-
trol variable), but all of these effects were
inconclusive. The null model also emerged in
the top model set for V. erioloba (D 2.94).
Summary.—A summary of the results of the
statistical analyses for the living sample is pro-
vided in Table 3. A comparison of the results
between the “living” and “extended” samples is
provided in Appendix S5: Table S2.
Spatial modeling
The Swakoppoort Dam has resulted in an esti-
mated median 43% reduction in downstream
river ﬂow across the 24 survey sites (min: 32%,
max: 68%; Fig. 5), with the greatest declines at
sites closest to the dam. A major tributary (the
Khan River; Fig. 1) joins the Swakop 45 km
upstream of the river’s mouth; as a result of this
tributary’s considerable ﬂows, the four sampling
sites below its conﬂuence show a much smaller
proportional decline in annual ﬂow following
the damming of the river.
DISCUSSION
This study has explored the processes that
drive patterns of tree species richness, occupancy,
and recruitment along an ephemeral river that is
dammed. The native trees frequently observed
along the Swakop River, Faidherbia albida, Vachel-
lia erioloba, Euclea pseudebenus, and Vachellia tor-
tilis (in order of abundance), are typical of the
twelve westerly-ﬂowing ephemeral rivers of
Namibia, although the relative abundance of
these species can vary between rivers (Seely et al.
1981, Jacobson et al. 1995, Schachtschneider
2010). Among these twelve rivers, the Swakop
River is the only one along which the invasive
Prosopiswas considered as common riparian veg-
etation over twenty years ago (Jacobson et al.
1995). Prosopis is indeed a common species along
the Swakop River; it was the most frequently sur-
veyed taxon, with its presence recorded at 87%
of all sampling locations. Why Prosopis should be
so common along the Swakop but not on the
other major ephemeral rivers is unknown, but it
may be related to the relatively high proportion
of farmland in the Swakop River catchment, and
thus higher number of potential sites of introduc-
tion, compared to the other ephemeral rivers. In
this discussion, we will consider the three predic-
tors of tree distributions: dryness, tributary pres-
ence, and land tenure type, before discussing
what other factors may be inﬂuencing distribu-




























Tributary Presence No Yes
Fig. 4. Faidherbia albida recruitment in relation to
local climate (i.e., dryness) and upstream tributary
presence. The dryness index is calculated by dividing
potential evapotranspiration by precipitation; higher
values are drier. Tributary presence is based on mod-
eled runoff from tributaries within 5 km upstream of
each sampling site. The ﬁtted line is the mean pre-
dicted probability from a logistic mixed-effects model,
where the shaded area represents  the standard
error. The dryness index also relates to increased
groundwater salinity and the distance downstream
along the longitudinal proﬁle of the river.
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Swakop River speciﬁcally and for ephemeral riv-
ers in general.
Local climate, speciﬁcally dryness, emerged as
an important predictor of native tree distribu-
tions along the Swakop River. Drier areas were
associated with lower species richness together
with the reduced occupancy and recruitment of
F. albida, the most common native tree. In addi-
tion, dryness was also associated with lower
occupancy in V. tortilis and lower recruitment in
V. erioloba, although these patterns were
inconclusive.
The dryness effects were manifested as a longi-
tudinal decline. Longitudinal declines in species
richness have similarly been observed along both
natural and dammed perennial rivers, in alpine
as well as subtropical environments, and have
been attributed to correlated altitudinal or cli-
matic gradients (Karrenberg et al. 2003, Stave
et al. 2005). In the case of the Swakop River, the
evidence clearly suggests a climatic gradient, but
it is difﬁcult to tell whether the inﬂuence of dry-
ness reﬂects a direct effect of local climate and/or
indirect effects of groundwater salinity or river
ﬂow. In the latter case, because the discharge of
ephemeral rivers declines in the downstream
direction (Reid and Frostick 2011), the dryness
gradient may relate to water availability via river
ﬂow and by extension groundwater levels.
Unfortunately, groundwater depth data for the
Swakop are not available at a sufﬁcient spatial or
temporal resolution to evaluate the relationships
between groundwater depth and tree occurrence.
Nevertheless, the fact that both F. albida recruit-
ment and occupancy decline as the climate
becomes drier, and that the effect becomes more
Table 3. Summary of results.
Analyses
Transect Site
Conspeciﬁcs River width Tributary Dryness Land tenure
[control] H1 H2 H3 H4
Species richness† 0 0  0
Occupancy
Faidherbia albida 0 (+)  0
Vachellia erioloba 0 0 0 0
Euclea pseudebenus 0 0 0 0
Vachellia tortilis (+) 0 () ()
Recruitment
F. albida (+) 0 +  0
V. erioloba† (+) (+) (+) () ()
Prosopis spp. 0 0 0 0  ‡
Notes: The outcomes are summarized in relation to each hypothesis: 0 indicates no effect (variable did not enter the best
model); + and  indicate conclusive positive and negative effects with continuous variables; and  indicates an effect for the
categorical variable, land tenure (conclusive results explained). Parentheses indicate inconclusive results where conﬁdence
intervals crossed zero.
† The null model also received support.
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Fig. 5. Modeled reductions in river ﬂow as a result
of the Swakoppoort Dam in relation to distance below
the dam. Measurements represent modeled ﬂow at
each sampling site. The dam has the greatest impact
on river ﬂow on those locations closest to the dam.
This impact declines with distance downstream
because of the greater contribution of tributary ﬂows.
The last four sites are downstream of a large tributary
(the Khan River). Modeling conducted in WaterWorld
Policy Support System v2.92 (Mulligan 2013).
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marked after the dam was built, suggests that
this species is particularly responsive to changes
in water availability. This conclusion is consistent
with previous reports of F. albida’s vulnerability
to drought and hydrological change (O’Connor
2001, Schachtschneider 2010, Douglas et al.
2016).
Tributary ﬂows also may play a role in riparian
tree distributions. The recruitment of F. albida
was higher downstream of tributaries. Faidherbia
albida occupancy and V. erioloba recruitment also
showed a similar pattern, although these results
were inconclusive. In a previous study, tribu-
taries were likewise found to reduce the extent of
dieback in F. albida on the Swakop River (Dou-
glas et al. 2016). Taken together, these ﬁndings
not only underscore the water sensitivity of F. al-
bida, but also highlight the potentially important
role that tributaries play in shaping tree distribu-
tions along this river. Although the effects of
tributaries may have accentuated since dam-
ming, it seems probable that they would also
have inﬂuenced the ecology of the Swakop River
prior to this. Tributaries are likely to play a bene-
ﬁcial role in the ecology of undammed ephem-
eral rivers, given their contribution of additional
water, sediment, and nutrients. This interpreta-
tion is supported by the presence of tributary in
the F. albida occupancy model (albeit with an
inconclusive effect) in the extended sample
which may approximate pre-dam conditions.
This study therefore supports research under-
taken on perennial rivers which suggests that
there is a nodal rather than linear organization to
rivers and that tributary conﬂuences can act as
biological hotspots (Benda et al. 2004, Kiffney
et al. 2006).
Land tenure was a predictor of tree recruit-
ment for the invasive Prosopis species. Recruit-
ment was higher in communal land than in
private land (Table 2), which is counter to the
hypothesis that human habitation would
decrease recruitment. Communal lands have the
highest livestock and human densities (Ward
et al. 2000) as well as the greatest occurrence of
water abstraction (recent/current abstraction
observed on 100% of communal sites [5/5], 78%
of private sites [7/9], and 13% of park sites [1/8]).
The high recruitment of Prosopis in communal
lands is not driven by high adult biomass as pri-
vate land tenure had considerably higher
biomass levels (basal area: private 1.1 m2/quad,
communal 0.5, and park 0.3). It is unclear why
Prosopis recruitment is highest on communal
land, but one plausible explanation is that in the
case of this species, the high livestock levels are
beneﬁcial through promoting germination and
seed dispersal (Schachtschneider 2010).
Among our remaining predictors, we found
little support for the hypothesis that tree distri-
butions might be related to river width: Only
V. tortilis occupancy and V. erioloba recruitment
showed a width effect, and both were inconclu-
sive. The reasons for this are uncertain, but may
reﬂect long-term dynamics in river width that
we were unable to capture with our single-sea-
son survey. Similarly, the anticipated inﬂuence of
conspeciﬁc presence on recruitment was unclear:
Although recruitment was associated with con-
speciﬁcs for the recruitment of the two native
tree species tested (i.e., for F. albida and V. eri-
oloba), the results were inconclusive in both cases.
This might reﬂect the way in which this variable
was quantiﬁed, as it was measured across the
transect rather than within a given radius of each
individual. The uncertainty of this effect may
also reﬂect the importance of seed dispersal,
either by livestock/wildlife or by localized river
ﬂow, in recruitment.
Across species, we were unable to identify reli-
able predictors for the occupancy of either V. eri-
oloba or E. pseudebenus. This is perhaps
unsurprising as it is consistent with the known
biology of these two species. Euclea pseudebenus
does not ﬁx nitrogen, in contrast to the other spe-
cies (Schulze et al. 1991). Therefore, its distribu-
tion may be the result of its high soil nitrogen
dependency overriding the effects of all other
environmental factors. Vachellia erioloba is well
known for its wide environmental tolerances
including that of brackish water (Barnes 2001,
Burke 2006) which may explain why no predic-
tors described its presence. In the case of V. eri-
oloba recruitment, all predictors received
inconclusive support and the null model was
within the top model set. This ambiguous result
is likely a consequence of a general lack of V. eri-
oloba recruitment along the Swakop River (only
13 of 98 transects) and the high correlation
between land tenure and dryness which meant
that half of the top models contained land tenure
and the other half dryness (Appendix S4:
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Table S7). As a result of using the full-coefﬁcient
method to model average (see Methods), the
parameter estimates of both land tenure and dry-
ness were cut in half, so neither received conclu-
sive support when in fact one or both variables
might play a role. Consequently, the relative roles
of land tenure and dryness in the recruitment of
V. erioloba cannot currently be disentangled.
Overall, our ﬁndings suggest that water avail-
ability (dryness, tributary ﬂow) is a more impor-
tant determinant of tree distribution along this
ephemeral river than either land tenure or river
width. The similar patterns observed in our
extended sample suggest that these are unlikely
to be simply an artifact of the dam. Our results
also indicate that ephemeral rivers may show a
nodal organization. Assuming a nodal organiza-
tion to rivers, the ecological functioning of tribu-
taries becomes particularly important to the
biological integrity of the main channel. In the
case of ephemeral rivers, the notion of a nodal
organization is particularly important given the
variable and isolated nature of ﬂow events. This
interpretation also has implications for the
impacts of damming. After an ephemeral river
has been dammed, it may potentially transition
from a linear oasis to a series of disjointed oases
located immediately downstream of tributary
conﬂuences.
Implications of tree decline and the roles of dams
and invasive species
This study suggests that the dams along the
Swakop River have had a detrimental effect on
the riparian community. This is evidenced by the
declines in occupancy (between the living sample
and the extended sample), that the effect of dry-
ness became more accentuated in the living sam-
ple, and that recruitment is low. Although
recruitment of desert trees tends to be episodic
and rare (Ward 2009) and saplings experience
high mortality (Moser 2006), the size of trees con-
sidered as recent recruits in this study is up to
5 cm in diameter and thus represents not just
saplings but also woody individuals. The spatial
simulation modeling also supports the interpre-
tation that the dams have had a detrimental
effect on the river ecosystem; the Swakoppoort
Dam has reduced the river’s ﬂow by nearly half.
Although the model indicates that ﬂow reduc-
tions relative to total runoff are lower further
from the dam, these areas are naturally much
more water-stressed and hence more susceptible
to small changes in ﬂow. Therefore, the effect of
reduced ﬂow, and associated declines in water
table, will be felt most severely where the climate
is drier and the groundwater more saline.
Another factor that might be involved in tree
declines in the Swakop River is the invasive Proso-
pis species. Vachellia erioloba growing near Prosopis
along an ephemeral river in South Africa showed
greater water stress and increased dieback
(Schachtschneider and February 2013). Similarly,
along the Swakop River, greater Prosopis abun-
dance is associated with increased dieback in
F. albida (Douglas et al. 2016). However, it is pos-
sible that Prosopis is primarily a passenger rather
than a driver of change (sensu MacDougall and
Turkington 2005) in the Swakop River ecosystem.
Either way, its extensive dieback where it still
remains (Douglas et al. 2016) suggests that Proso-
pis is also suffering from the impacts of the dam.
The reduction in living native tree species, the
prevalence of the invasive Prosopis spp., and the
few young trees along the Swakop River have
important implications for regional biodiversity
and also for the livelihoods of people using the
river. Faidherbia albida is the most common native
species along the Swakop and uniquely provides
pods during the dry austral winter, upon which
both wildlife and people rely during this period
(Barnes and Fagg 2003, Moser 2006). Similarly,
V. erioloba, the second most common native spe-
cies, is experiencing declines in occupancy and
low recruitment and is also an important tree
that is highly regarded, among other things, for
its nutritious pods and shade provision (Moser
2006). The decline of the riparian trees thus has
important ramiﬁcations, jeopardizing the ability
of the Swakop River to act as a linear oasis across
the Namib Desert. The ﬁndings of this study sug-
gest that the future of the riparian tree commu-
nity along the Swakop River is uncertain.
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